We investigate the effect of lattice disorder and local correlation effects in finite and periodic silicene structures caused by doping with carbon atoms using first-principles calculations. For both finite and periodic silicene structures, we show that the electronic properties of carbon-doped silicene structures are dramatically changed by controlling only one parameter, the position of substitution of carbon atoms in the structures which is related to the amount of disorder introduced in the lattice and electron-electron correlation effects. For silicene nanoclusters, the disorder is long-range due to finite-size effects while for periodic structure the disorder is short-range due to the confinement effect. By changing the position of the carbon dopants, we found that the Mott and Anderson insulators can be continuously connected as shown by the local density of states. Moreover, the bandgap is determined by the level of lattice disorder and electronic correlation effects. Finally, these structures are ferromagnetic even under disorder which has potential applications in Si-based nanoelectronics, such as field-effect transistors (FETs).
From the large variety of two-dimensional materials that exist today, silicene, the silicon counterpart of graphene has steadily increased its sphere of influence due to its malleable electronic properties and its compatibility with the current silicon-based technology. [1] Among the virtues of silicene we find i) a buckled layer geometry that facilitates band engineering and that in the presence of an electric field opens a gap transport that makes possible the realization of a field-effect transistor (FET) at room temperature; [2] ii) a stronger spinorbit coupling than graphene that may lead to the realization of quantum spin Hall effect (QSHE) in experimentally accessible temperatures. [3] Synthesis of silicene is achieved nowadays by surface-assisted epitaxial growth on different substrates; [4] [5] [6] however, during this process, the formation of defects on the layer is practically unavoidable, which strongly influences the magnetic and electronic properties of the material. [7] [8] [9] [10] [11] Among the variety of possible defects, point defects can arise as a consequence of entropy maximization and thus are thermodynamically favored at high temperatures. [12, 13] Although dopants are not required by thermodynamics, they can be used as a way to control the shift of the Fermi energy. [14, 15] One-dimensional defects such as dislocations or grain boundaries arise as a consequence of imperfections in the synthetic environment or due to structural constraints imposed by the substrate. [13] From all types of defects present in 2D materials, dopants are the most well-studied because they can potentially harness the feasibility of the electronic properties of 2D materials beyond electrically-controlled means. [14, 15] Consider, for instance, the case of phosphorus-doped silicon, a particularly well-studied example of a system showing a metal-insulator transition (MIT). [16] To create phosphorus-doped silicon, one starts with pure silicon, which is an insulator at T =0, and upon phosphorus doping, extra electrons with small ionization energy are brought into the system. Although T = 0 is necessary for this transition, several physical systems have shown an MIT at finite temperature. [17] [18] [19] Hence the importance of studying this transition. According to Mott's argument, further increasing this dopant concentration, a transition from an insulator to metal occurs at a critical concentration, n c . [20] This transition is mediated by electronic correlation, and the concomitant lattice disorder introduced by the dopant atoms. [21, 22] An MIT which is driven mostly by the electronic correlation factor is known as Mott or Mott-Hubbard transition; [23] while an Anderson transition is driven mostly by lattice disorder. [24] Apart from an evident theoretical interest in the Mott-Hubbard and Anderson transitions, remarkable arXiv:1912.00333v1 [cond-mat.mtrl-sci] 1 Dec 2019 progress in manufacturing various devices has triggered the study of anomalous transport with controllable low-dimensional potentials that arises due to disorder effects. [25] [26] [27] [28] [29] [30] The semimetallic character of silicene limits its potential as a suitable material for distinct applications; however, this limitation could be overcome by the induction of Mott-Hubbard or Anderson transitions. Different authors have studied in detail silicene-graphene hybrid layers and their properties; [31, 32] , however, to the best of our knowledge, there is no a systematic study on the behavior of carbon-doping in silicene in simulations or experiments. In this work, we study the doping behavior of both finite and periodic structures of silicene with carbon atoms. We have focused on carbon doping to study disorder effects and local correlations due to interactions between carbon and silicon atoms. For the sake of comparison, we have also included monovacancies in our nanoclusters. Furthermore, we compare the electronic and structural properties of periodic and finite-size structures to have a better understanding of the influence of dopant atoms on the nanoclusters. AB Initio Characterization. For finite-size structures, we choose the pairing Beck 3-Parameter (exchange), Lee, Yang and Parr (B3LYP) functional with the correlation consistent polarized valence double-ζ (cc-pVDZ) base along with D3 dispersion correction, [33] as implemented in Q-Chem 5.0. [34] For the periodic structures, the numerical simulations were carried out using plane-wave basis as implemented in the Vienna ab initio simulation package (VASP) code. [35] [36] [37] [38] [39] The exchangecorrelation potential is approximated by the generalized gradient approximation (GGA) proposed by Perdew-Burke-Ernzerhof (PBE). [40] The projector-augmented wave (PAW) method is used to describe the electron-ion potential. [41] The semi-empirical Grimme-D3 dispersion corrections were also added in the present calculations in order to incorporate van der Waals dispersion effects on the system, within the default VASP parameters. [33] Results and discussions. Firstly, we study the geometrical and electronic properties of a finite C-doped rectangular silicene nanocluster as shown in Fig. 1 . The undoped SiNC is built from low-buckled silicene with their edges terminated by monohydrogen which is denoted by H-SiNC(4,6) and illustrated in Fig. 1a . Then, we select fourteen unequivalent doping positions S 1 -S 14 for a single C atom to substitute for a Si atom.
In order to study the relative stabilities of the doped systems, the defect formation energy E f per dopant is calculated using the following equation
where n is the number of dopants, E d , E ud , E Si , and E C represent the total energy of doped silicene, energy of the undoped silicene, energy of a single silicon atom, and energy of a single carbon atom, respectively. All the calculated formation energies for a single carbon substitution are listed in Table I for the singlet (an- tiferromagnetic) and triplet (ferromagnetic) states, respectively. Here, we report the formation energies for both configurational states since the UB3LYP calculations have shown a single-triplet instability. [42] In comparing with the undoped H-SiNC (4,6), the negative formation energies show that C substitutionally doped systems are stable. For a single C doping, the formation energy increases for substitution sites S 1 , S 4 , S 5 , S 6 , S 2 , S 3 , S 8 , S 11 , S 7 , S 10 , S 14 , S 13 , and S 12 , respectively. This shows that the Si atoms closer to the edge are more likely to be substituted by C atoms than those in the interior sites around the zigzag or armchair directions. Similar conclusions were obtained for N and B doped silicene nanoribbons. [43] In Fig. 1b and c, we illustrate that C doping induces significant distortions to the finite silicene structures. In addition to the in-plane distortion, it can be seen that these two positions also have significant vertical distortion indicating that the effect of disorder caused by C doping are long-range. In particular, the position 1 exhibits the highest buckling distortion. As it can be seen such distortions can spread far away from the C substitution site because most of the distortions are elastic in nature. In addition, we notice that all positions away from the center become more stable because they are disturbed less the further they are from the doping site and have less disorder. Furthermore, all the doped configurations prefer to be in a triplet state indicating that these structures are ferromagnetic and stable under disorder. This is an advantage since an intrinsic magnetism is required for spin-based electronics, [44, 45] particularly information technology. [46] To illustrate the ferromagnetic behaviour, we show in Fig. 2 the spatial spin density distribution for a singlet and triplet states at two different site positions. For the S 6 configuration the singlet state, the silicene nanocluster exhibits a negative (positive) magnetic moment at the upper (lower) edge and a total null magnetic moment indicating that at this position the C atom does not have a strong effect in the spin density compared with the undoped H-SiNC [47] . In the triplet state, the silicene nanocluster now exhibits a total magnetic moment since the spin are paired-up at in opposite edges. With one C atom at the edge (position S 13 ) for the singlet state, the spin density on the doped edge is locally concentrated. It is interesting to notice that such spin density modification effect is also found in the other inner substitution configurations but it is gradually weakened as the C atom is closer to the center of the nanocluster. Now, we focus on the effect of having two carbon substitutions in H-SiNC (4, 6) . To measure the electronic correlation effects between the two carbon atoms, we fix one carbon atom at position S 12 and let the other carbon substitution to be any other. We chose S 12 position since it is the most stable configuration. All the formation energies for these configurations are listed in Table II for singlet and triplet states. As for one single C-doped H-SiNCs (4, 6) , the formation energies are favorable (negative) which confirm that double C-doped H-SiNCs are stable. However, to check the stability of double C-doping comparing with single C-doping, we compare the energies formations between E f (S i + S 12 ) and
For the condition |E f (S i + S 12 )| > |E f (S 12 ) + E f (S i )|, we obtain that only the S 1 , S 2 , S 3 , S 4 , and S 8 positions can be stable for both singlet and triplet state configurations. The tendency in Table II . The formation energies (in eV per impurity atom) of double C substitution at thirteen different sites of H-SiNC (4,6) for singlet and triplet states. All formation energies were calculated with respect to the singlet undoped ground state of H-SiNC (4, 6) . Fixed Fixed 13 −6.592 −6.690 −6.605 −6.725 14 −6.242 −6.360 −6.221 −6.492 the formation energies increases as we move from the center of the silicene nanocluster, similar to the single C doping case. For S 12 − S 14 interaction, we need to renormalize Eq. 1 by including a carbon-carbon interaction term. Similarly, Coulomb interactions are calculated between atoms pairs. However, the Coulomb interactions are zero due to the zero partial charges at atoms of the silicene nanocluster. The results show that the two carbon atoms prefer to be apart instead of being together to form a C-C bound which would be shorter and would introduce a high strain into the structure which is more unstable compared to the silicon-silicon bond.
Band gap analysis. To show the effect of disorder in a H-SiNC (4,6) caused by C doping, we show in Fig. 3 the HOMO-LUMO gap for all fourteen configurations. We observed that the HOMO-LUMO gap depends on the position site and the number of C atoms in the silicene nanocluster. Here, the HOMO-LUMO gap is due to quantum confinement effects which can gap out the Dirac nodes and convert the Dirac semimetal silicene to a band insulator. In Fig. 3a) , we show the HOMO-LUMO gap for a single and double C substitution in the singlet state configuration. As it can be seen, double C doping has stronger effects in the HOMO-LUMO gap compared with single substitution. For instance, the S 14 position has a similar gap with respect to the undoped H-SiNC(4,6) with a gap of 0.467 eV. Contrary to double C substitution where the HOMO-LUMO gap is significant larger than 0.467 eV. In this case, the correlation effect is strong enough to increase the gap. As we move from position 12 (fixed position for double substitution), correlation effects and disorder decrease to be able to change significantly the HOMO-LUMO gap. Results for the triplet state are illustrated in Fig. 3b . It can be observed that the behavior in single and double C doping follows a similar trend to the singlet state. However, the effect of correlation and disorder are less effective.
Silicene nanocluster with a dislocation and a point defect. Since dislocations can arise as consequence of imperfections during synthesis or stress imposed through thermal history, we calculate the formation energy for a dislocation at position S 1 (Fig. 4a ). In this case the formation energy for the dislocation is 5.082 (5.021) eV for a singlet (triplet) state configuration, which is higher than adding one C atom in the structure. Furthermore, the gap for the this structure is 0.562 (0.558) eV for a singlet (triplet) state configuration, which is higher compared to the ground state H-SiNC (0.467 eV). In Fig. 4b , we simply remove one silicon atom at position S 1 from the undoped structure ( Fig. 1a ) and let the structure relax. This structure has a formation energy of 5.57 eV and a gap of 0.405 eV. From Fig. 4b , we can conclude that vacancies are not very stable compared to doping these silicene nanoclusters.
Strain. Substituting carbon atoms by Si atoms adds uniaxial strain effects on the structures which is important because the latter might be grown on a substrate with a different lattice constraint. In all cases, the unstrained relaxed structures are first obtained and then the relaxed structures are distorted by the C-doped effects. The strain is given by
where a 0 i (a i ) is the equilibrium (strained) bond and i represents the nearest neighbors to each carbon atom in the doped structure. Here we only report the average strain' effects on the nearest neighbor around the each C atom in Table III . This consideration is used because the larger lattice distortions can be well seen at the vicinity of the C substitution, some bonds are stretched and some are compressed which can also be seen clearly in Fig. 1b  and 1c . More details about the strain effect induced by the C substitution can be found in the supplemental information. Away from the C substitution, the distortions become smaller but can extended to large distance from the center of the C substitution, particularly for the positions 1, 2 and 4. Average strain follows a similar trend to the energy. The higher strain the lower the energy in the silicene nanocluster in the need to enlarge all the bonds to approximate the Si-Si bond length (2.248 A) is longer than for for C-C bond length (1.414 A). It seems that in order to accommodate the compressive epitaxial strain, a relatively large buckling as compared of that of freestanding silicene is induced while the Si bond lengths are maintained to similar value. Now we turn our attention to periodic structures of silicene. For constructing the doped system, the Si atoms of the buckled (0.482 Å) structure are substitute by C atoms as in the case of silicene nanoclusters, see Fig. 5 . Here, we have considered three different supercells 2 × 2, 3 × 3, and 4 × 4. Structures are optimized by minimizing the forces on individual atoms below 0.001 eV Å −1 and the convergence self-consistent energy of every electron step is less than 10 −5 eV. In addition, in order to avoid inter-layer interactions and simulate proper boundary conditions, a inter-layer vacuum of 10 Åbelow and above the each layer was added. To explore the disorder effects in these periodic structures caused by doping, we compute the formation energy as well. For a single C substitution, the formation energies are −1.40082 eV, −1.5273 eV, and −1.6006 eV for 2 × 2, 3 × 3, and 4 × 4 supercells, respectively. The negative energies indicate that doping a monolayer of silicene is energetically favourable, in agreement with the results for silicene nanoclusters.
For double C substitution, the formation energies are reported in Table IV . Positions S 12 and S 13 are not considered here due to size constrains of the lattice. According to these results, the formation energy follows the same trend as for the case of C doped silicene nanoclusters. Moreover, we can observe that position 8 is the most stable one in the 2×2 and 4×4 supercells. This shows us that the two carbons atoms prefer to be in a next nearest neighbour configuration. For periodic calculations, the distortions caused by doping are local compared with the finite size nanoclusters.
Electronic structures evolution under different site doping. The band structures of pristine silicene, double doped systems, and silicene with a monovacancy (MV) are shown in Fig. 6 alongside their respective projected density of states (DOS). In the following discussion, S 1 represents the only single doped system while the rest of the mentioned positions stand for a double doped system with position S 1 fixed. For pristine Silicene, the π and π * bands cross linearly at the Fermi Level (E F ) at the symmetric K point in the reciprocal space, [7] [8] [9] forming the so-called "Dirac cones". In the vicinity of these points, the energy-momentum dispersion varies linearly near the Fermi energy. We can immediately recognize the zero band gap of pristine Silicene; however, unlike Graphene, the low-buckled structure of Silicene grants it an easily tunable band-gap. When we doped Silicene with one carbon atom, the symmetry between the sublattices is broken, this results in a moderate indirect bandgap (in the K and G points) of 0.181 eV with a semiconductor behavior. Depending on the sublattice position, adding an additional carbon atom could break the symmetry of the system, even more, resulting and large bandgap; this is the case for the C3 system (same sublattice) which shows an indirect gap of 1.006 eV and semiconductor behavior. On the other hand, the systems C4 and C8 act on different sublattices and show bandgaps of 199 and 1 meV respectively. Both systems present a direct gap; yet, the C4 gap is around the G point and C8 in the K direction. For these two last systems, C4 induces the most distortion in the lattice as its C-Si and Si-Si are 0.157 and 0.139 Ålonger than those in C8 (comparison is made for the nearest neighbor atoms). Another remarkable difference is that the C4 system is a semiconductor while C8 a semimetal. Therefore, we observed a band splitting proportional to the amount of disorder and local interactions between the lower and the upper bands as shown by the density of states in Fig. 6 .
Thus the position doping dependence is related to the amount of disorder and electronic interactions induced by the carbon atoms. This indicates that the Mott and Anderson insulators are continuously connected. Hence, by changing the position of carbon atoms, it is possible to tune the electronic correlations and disorder and move from one type of insulator to the other without crossing the semimetallic phase. This is possible because the Anderson transition (no electron correlation) is not associated with symmetry breaking. [21] These results are in agreement with the finite silicene nanoclusters. The electronic structure of the 2x2 MV indicates a metallic behavior, with a sizeable direct bandgap of 0.458 eV. We do not observe self-healing for any of the MV systems, although, for the 4x4 system, there seems to be a slight tendency towards it, as two of the silicene atoms in the deficiency approach each other at a distance of 2.64 Å. More importantly, when the defect's concentration is diluted, we observe a transition from a metal to a semimetal going from the 2x2 to the 3x3 system; another transition occurs from a semimetal to semiconductor going from the 3x3 to 4x4 system. This concentration-dependent transition has been previously reported in silicene for other periodicities. In particular, Yang et al. found metal to semiconductor transitions in their study. [48] In conclusion, using first-principles calculations, we study the effects of disorder on the electronic properties of silicene nanocluster caused by C doping. Total energies analysis indicates that C tends to be doped at the edges of finite silicene structures, which are ferromagnetic. For these finite structures, the bandgap depends strongly on the effect of disorder and correlation effects, which is related to the Anderson-Hubbard model for arbitrary interaction and disorder. Besides, for finite structures is more feasible to do chemical doping than having dislocations. For periodic structure, the electronic properties also change depending on the amount of disorder and correlation effects caused by the carbon atoms. When there is no enough disorder and weak correlation, the electronic dispersion is characterized by Dirac cones at K and K directions, while the conduction bands split into two different modes from the M − G direction. As the disorder and strong correlation are present, the Dirac cones do not longer exist, or they move away from the K points. This indicates that the Mott and Anderson insulators are continuously connected. The specific predictions of our simulations not only apply to silicene but also other doped 2D materials. [49] Moreover, it is anticipated that these theoretical results may be valuable in the design of Silicene-based electronic devices with control over the spins in spintronics. [44, 45] 
